Structural setting and metamorphic evolution of a contact aureole: the example of the Mt. Capanne pluton (Elba Island, Tuscany, Italy) by Pandeli, E. et al.
introduction
The Elba Island is located in the Tuscan Archipelago
(Northern Tyrrhenian Sea) between the Northern Apennines
(including Tuscany) and the Corsica Alpine Orogenic belts
(Fig. 1). This island is wellknown not only for its iron ore
bodies and for pegmatite and hydrothermal minerals (Tanel-
li et al., 2001), but also for its peculiar and complex tectonic
building that was modified by the intrusion and ascent of
Late Miocene acidic plutons that produced detachments and
the final emplacement of the nappes (Pertusati et al., 1993;
Bouillin et al., 1994; Daniel and Jolivet, 1995; Bortolotti et
al., 2001a; 2001b; Principi et al., 2015a; 2015b and refer-
ences therein). The granodioritic Mt. Capanne pluton is well
exposed in western Elba as well as its contact metamorphic
aureole. Previous papers dealt with: a) the mineralogy, pet-
rography and petrology of the granitoid and its dike swarm
(Marinelli, 1959; Westerman et al., 2004; Gagnevin et al.,
2004; 2008; Farina et al., 2010; Rocchi et al., 2010; Poli and
Peccerillo, 2016) including pegmatites (Orlandi and Pezzot-
ta, 1997; Pezzotta 2000) the geology and structural aspects
of this plutonic system (Spohn, 1981; Reutter and Spohn,
1982; Bouillin. 1983; Boccaletti and Papini, 1989; Bouillin
et al., 1993; 1994; Daniel and Jolivet, 1995; Perrin, 1975;
Coli and Pandeli, 2001; Bortolotti et al., 2001b; Cifelli et
al., 2012; Pandeli et al., 2013), c) the thermo-rheological
model of the pluton (Caggianelli et al., 2013), d) the petro-
graphic features of the thermal aureole and the circulation of
magmatic-hydrothermal fluids in it (Marinelli, 1959; Bar-
beri and Innocenti, 1965; 1966; Rossetti et al., 2007; Rosset-
ti and Tecce, 2008). Few papers of these (Bouillin, 1983;
Daniel and Jolivet, 1995; Rossetti et al., 2007) analyzed the
relationships between the blastesis and deformation frame-
work of the hornfels in some part of the aureole respect to
the emplacement of the plutonic body. 
In this study, we performed a comparative geological,
petrographical- mineralogical (Electron microprobe and X-
rays) and structural study extended to the whole aureole for
obtaining an updated evolutive model of the host rocks dur-
ing the magmatic intrusion and subsequent exhumation/up-
lift. The present paper aims at showing the first results of
these studies and the refinement of the evolutive scheme of
the Elba Island evolution since Tortonian times.
geological outline of the elba iSland
The geological frame of the Elba Island is very peculiar
and complex because it was controlled not only by the
Alpine compressional and extensional orogenic phases, but
also by the emplacement of the Late Miocene magmatic
bodies (Bortolotti et al., 2001a; 2001b; Principi et al.,
2015a; 2015b and references therein). 
The island can be divided into two parts, according to
their geological and geomorphological features (Figs. 1 and
2): a) the central-eastern Elba, where the whole tectonic pile
is well exposed and was intruded by the Porto Azzurro
Quartz-monzonite in its lower portion; b) the western Elba,
dominated by the Mt. Capanne (1019 m) granodioritic stock
with its contact metamorphic aureole; b).
The tectonic pile of Elba Island includes Tuscan Units
(derived from the Paleozoic to Tertiary Adria paleo-conti-
nental margin) and Ligurian and Ligurian-Piedmontese
Units (derived from Jurassic to Eocene paleo-oceanic do-
mains). Barberi et al. (1969a; 1969b) distinguished five
thrust complexes: three Tuscan Units (Complexes I, II and
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ABSTRACT
This paper shows an updated geological, petrographical-chemical and structural picture of the contact aureole of the 6.9 Ma Mt. Capanne monzogranitic
pluton in western Elba Island (Tuscan Archipelago), that is one of the most known Tertiary intrusive bodies in Italy. Most of the foliated metamorphic rocks
derived from a Mesozoic Ligurian-type ophiolitic succession (Punta Polveraia-Fetovaia Unit) and are in the horneblende to pyroxene hornfels facies with esti-
mated Tpeak > 610°C (locally > 650°C). Local variations of the metamorphic zonation of the at least 150-200 m thick aureole are due to the different litho-
logical, physical and structural (e.g., bedding, fracturing) nature of the original rocks, but also to hydrofracturing phenomena which occurred during the syn-
metamorphic upflow of the metasomatic hot fluids. The history of the emplacement and uplift of the Mt. Capanne pluton was defined through the metamor-
phic-structural evolution of its contact metamorphic aureole. The growth of the thermometamorphic minerals took place in several stages being both syn-kine-
matic with respect to the main ductile D2 folding event (connected to the plutonic intrusion) and static post-kinematic one. Ductile shear zones, characterized
also by mylonites, were also active during recrystallization in a general shear-type regime (average value of Wm = 0.7) related to the vertical uplift of the plu-
ton (pure shear) and lateral ductile flow of the covers (simple shear). The exhumation of the cooled pluton continued producing tangential cascade-type fold-
ing event (D3), detachment faults, and later high-angle faulting in the host rocks. The role of Western Elba in the geological frame of the whole island since
Late Miocene times is also outlined in the paper. 
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III) overlain by two Ligurian Units (Complexes IV and V)
(Fig. 1). The upper four complexes lie directly on the sub-
stantially autochthonous Complex I. According to the new
model of Principi et al. (2015a; 2015b; 2015c), nine main
tectonic units were defined, from bottom to top of the struc-
tural stack (Figs. 1 and 2):
1- The Tuscan Porto Azzurro Unit (PU) is made up of
mainly pelitic hornfelses (due to the recrystallization of the
Porto Azzurro intrusion) after Paleozoic rocks including al-
so Grt-bearing micaschists, quatzites and amphibolites (Mt.
Calamita Complex) and overlying Triassic-Jurassic
quartzites and marbles (Garfagnoli et al., 2005; Musumeci
et al., 2010). 
2- The Tuscan Ortano Unit (UO) includes Early Paleo-
zoic acidic meta-volcanic and -volcanoclastic rocks and
phyllitic-quartzitic metasediments (see also Musumeci et al.,
2010). 
3- The Acquadolce Unit (AU) is represented by a HP-LT
metamorphic succession of marbles and calcschists grading
upwards into metasiliciclastics with intercalations of Early
Cretaceous calcschists and rare metabasite levels and a ser-
pentinite slice is at the top (Duranti et al., 1992; Bianco et
al., 2015). A 19 Ma 40Ar/39Ar age was defined on muscovite
for the main folding event of AU (Deino et al., 1992). AU
has been correlated to the HP-LT Ligurian-Piedmontese
successions i.e “Schistes Lustrés” (Bortolotti et al., 2001b;
Pandeli et al., 2001a) or to a Tuscan metamorphic succes-
sion (Barberi et al., 1969b; Bianco et al., 2015; Massa et al.,
2016). 
4- The Tuscan Monticiano-Roccastrada Unit (MU) in-
cludes Late Carboniferous-Early Permian to Late Triassic
metasiliciclastic rocks and Jurassic to Oligocene epimeta-
morphic formations with a metamorphic peak dated about
30 Ma (zircon fission tracks in Balestrieri et al., 2011), 
Fig. 1 - Geological map (a) and section (b) of the Elba Island, including the different magmatic bodies (modified from Westerman et al., 2003). EBF- Eastern
Border Fault (Colle Palombaia-Procchio Fault in this paper), CEF- Central Elba Fault, ZF- Zuccale Fault, CRF- Colle Reciso Fault, FF- Fetovaia Fault. The
correspondence of the five Trevisan’s (1950) Complexes with Bortolotti’s et al. (2001a) Units is reported in the legend of the pre-intrusive Units: PU- Porto
Azzurro Unit; UO- Ortano Unit; AU- Acquadolce Unit; MU- Monticiano-Roccastrada Unit; TN- Tuscan Nappe; GU- Gràssera Unit; OU- Monte Strega Unit;
EU- Lacona Unit; CU- Ripanera Unit.
5- The unmetamorphic Tuscan Nappe (TN) is composed
mainly of calcareous-dolomitic, at times vacuolar, breccias
(Rioalbano Breccia, “Calcare Cavernoso” Auctt.) but, north-
wards of Rio Marina, they are overlain by carbonate, car-
bonate-siliceous and calcareous-marly formation of Late
Triassic to Dogger age.
6- The Gràssera Unit (GU) mostly consists of vari-
coloured slates and of rare carbonate-siliceous and radiolar-
ite intercalations, overlying a basal calcschist member. GU
has been considered as a Ligurian-Piedmontese Unit (Bor-
tolotti et al., 2001b; Pandeli et al., 2001b) or is included it in
the Tuscan Nappe (Barberi et al., 1969a; 1969b; Massa et
al., 2016).
7- The Ligurian Monte Strega Unit (OU) is made up of
the Mesozoic oceanic succession of the Vara Unit cropping
out in Liguria and Tuscany and consists of serpentinites,
ophicalcites, Mg-gabbros and volcanic-sedimentary cover
(from Basalts to Palombini Shales) (Barberi et al., 1969a;
1969b; Bortolotti et al., 1994a; 2001). Bortolotti et al.
(2001a) divided OU into six tectonic subunits (Fig. 2; see
also Fig. 22 in Principi et al., 2015b). 
8- The Ligurian Lacona Unit (EU) is constituted by
shales with calcareous-marly, calcarenitic and arenaceous
intercalations and, locally, by nummulite-bearing ophiolitic
breccias of Middle Eocene age. 
9- The Ligurian Ripanera Unit (CU) is mostly represent-
ed by a Late Cretaceous, Helminthoid-type calcareous-
marly-arenaceous torbiditic deposits. 
In the western part of the Island, two main Ligurian
ophiolitic units surround the Mt. Capanne pluton (Fig. 2a,
b): 1) the thermometamorphosed Punta Polveraia-Fetovaia
Unit i.e the contact metamorphic aureole of the pluton
(PFU) (see details later) which tectonically underlies,
through the Fetovaia Fault (FF in Figs. 1 and 2); 2) the un-
metamorphic Punta Le Tombe Unit (PTU) that is a calcare-
ous-marly-shaly, turbiditic succession of Paleocene-Eocene
age including ophiolitic mono- and polymictic breccias,
olistoliths and an olistostrome. PFU was related by
Marinelli (1959), Barberi and Innocenti (1965; 1966) and
Bouillin (1983) to OU of eastern Elba (i.e. OU), whereas
other Authors (Perrin 1975; Spohn 1981; Reutter and
Spohn 1982; Coli and Pandeli, 2001) referred them to Lig-
urian-Piedmontese “Schistes Lustrés”. In this frame Perrin
(1975) define the Alps-Apennine boundary as passing
through central Elba. Instead, PTU can be easily correlated
to EU of central-eastern Elba.
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Fig. 2 - a) Tectonic scheme of Western Elba Island (modified from Principi et al., 2015a; 2015b) and location of the studied sites. EBF- Colle Palombaia-
Procchio Fault, FF- Fetovaia Fault. Sampling sites: 1) Punta Nera-Punta Polveraia, 2) Punta del Timone-Il Semaforo, 2a) Beach between Punta Polveraia-
Punta Fornace, 3) Pomonte-Fosso Ogliera, 4) Punta Fetovaia, 4a) Fetovaia, 5) Cavoli-Colle Palombaia, 6) San Piero, 7) Sant’Ilario, 8) Marmi, 9) Punta
Sprizze-Spartaia -Punta dell’Agnone, 10) Bagno-Marciana Marina, 10a) Mt. Perone 11) Marciana-Marciana Marina, 12) Maciarello.
b) Structural-stratigraphic sketch of western Elba (the stratigraphic columns are not in scale): PFU- Punta Polveraia-Fetovaia Unit (a-serpentinites, b-metagab-
bros, c-basic metadikes, d- metabasalts, e-metacherts, f- metalimestones, g- metashales and metalimestones, h- Mt. Capanne Monzogranite), PTU- Punta Le
Tombe Unit (a-serpentinites, b- Punta Le Tombe breccias and olistostrome, c- Mt. Agaciaccio limestones and marlstones; d- olistoliths and breccias). 
According to most of the Authors (see Principi et al.,
2015b and references therein), the structural framework of
the Elba Island is characterized by an imbricate stack of
structural units, separated by low-middle angle tectonic sur-
faces (thrusts and detachments), which lay onto the lower-
most PU (= Trevisan’s Complex I) by a main low-angle
Zuccale Fault (= ZUC in Fig. 1). Some of these tectonic sur-
faces were reused in different times and in different tectonic
regimes (e.g, inversion of the thrusts during the following
extensional regime). According to many Authors (Pertusati
et al., 1993; Bouillin et al., 1994; Bortolotti et al., 2001b;
Maineri et al., 2003; Westerman et al., 2004; Garfagnoli et
al., 2005; Principi et al., 2015a; 2015b), low-angle faulting
and detachments occurred in the tectonic stack during the
Late Miocene intrusion and exhumation of the two main
plutons. First, the rise of the Mt. Capanne stock (intruded in
PFU), produced the detachment of the uppermost units (the
already piled CU and EU) and their main sliding to east
through the Central Elba Fault (= CEF in Maineri et al.,
2003; Principi et al., 2015a; 2015b) (Figs. 1 and 2). Similar-
ly, the following intrusion of the Porto Azzurro Pluton with-
in PU, allowed the detachment of the whole overlying pile
of nappes, producing 1) the typical OU to CU embricate tec-
tonic stack above PU through the main east-vergent ZUC
and 2) the westward superimposition of UO above EU in
central Elba through the Colle Reciso Fault (Principi et al.,
2015a; 2015b) (= CRF, Figs. 1 and 2) (Principi et al., 2015a;
2015b and references therein). Finally SW-NE, WSW-NNE
and N-S trending normal faulting occurred in both western
(e.g., the Eastern Border Fault = EBF, Fig. 2) and, particu-
larly, in eastern-central Elba and in Mt. Calamita Promonto-
ry. These structures, that cut the whole tectonic pile includ-
ing ZUC, are filled by the 5.4 to 4.8 Ma hematite-rich min-
eralizations (U-Th-He and K/Ar ages on specularite and
adularia, respectively in Lippolt et al., 1995) along the Ter-
ranera-Rio Marina-Mt. Calendozio alignment.
The magmatic framework of the island is mainly charac-
terized by two main Messinian monzogranitic plutonic bod-
ies along with their micro- to leuco-granite, aplite and peg-
matite dike swarms in western (Mt. Capanne pluton) eastern
(Porto Azzurro pluton) Elba Island (Marinelli 1959; Boc-
caletti and Papini, 1989; Rocchi et al., 2002; Dini et al.,
2002; 2008a; 2009; Westerman et al., 2003; 2004; Poli
1992; Farina et al., 2010; Rocchi et al., 2010; Barboni and
Schoene, 2014; Poli and Peccerillo, 2016) (Figs. 1 and 2)
that are referred to the Tuscan Magmatic Province (Serri et
al., 1993; Poli and Peccerillo, 2016 and references therein).
A lot of radiometric ages using K/Ar, Rb/Sr, U-Pb and
40Ar/39Ar methods were obtained for the different magmatic
bodies cropping out in the island during the last forty years
(Saupé et al., 1982; Juteau et al., 1984; Ferrara and Tonari-
ni, 1985; 1993; Dini et al., 2002; Maineri et al., 2003;
Musumeci et al., 2010 and references therein). 
The magmatic activity in the island began with the em-
placement between ~ 8.3 and 7.4 Ma (using K/Ar on biotite,
Rb/Sr on muscovite, biotite and feldspars, and 40Ar/39Ar on
muscovite radiometric methods) of a “Christmas-tree”-type
subvolcanic multilayer laccolithic-dike complex, including
four intrusive units (Punta del Nasuto Microgranite, Capo
Bianco Aplite, Portoferraio Porphyry and San Martino Por-
phyry: Dini et al., 2002; Rocchi et al., 2002; 2010). This
complex intruded the ophiolitic successions around Mt. Ca-
panne (PFU) and CU and EU now present in central-eastern
Elba (see Fig. 3 in Rocchi et al., 2010). 
The younger Mt. Capanne pluton (6.9 Ma cooling age,
using Rb/Sr on biotite and feldspars, U-Pb on zircon and ap-
atite), consists of three main magma pulses related to as
many different facies (Sant’Andrea, San Francesco and San
Piero facies in Farina et al., 2010) that produced the present
composite plutonic body (Conticelli et al., 2001a; Dini et
al., 2002; 2007; Gagnevin et al., 2004; 2008; Westerman et
al., 2004; Rocchi et al., 2010). The dike swarm of the mon-
zodioritic to granodioritic, at times mafic Orano Porphyry
(dated 6.8 Ma, using Rb/Sr on biotite and feldspars, and
40Ar/39Ar methods on sanidine), pegmatites, aplites and
leucogranites intruded the pre-Mt. Capanne laccolithic com-
plex, the Mt. Capanne pluton, its contact aureole, and local-
ly also the CU in central Elba (Dini et al., 2002; 2008; Roc-
chi et al., 2002; 2003). 
Afterwards, the 6.2 to 5.9 Ma (obtained by K/Ar and
Rb/Sr on biotite and 40Ar/39Ar methods on muscovite and
biotite) Porto Azzurro Quartz-monzonite pluton was em-
placed in the deepest levels of the tectonic stack (i.e. PU) in
south-eastern Elba (Marinelli 1959; Saupé et al., 1982;
Maineri et al., 2003; Musumeci et al., 2010). Mafic dikes
are also present in the central-eastern part of the island (Fig.
1), i.e. the 5.8 Ma Mt. Castello dike (40Ar/39Ar radiometric
age on feldspar-rich groundmass, Conticelli et al., 2001b),
the Case Carpini and the Mt. Capo Stella dikes (Pandeli et
al., 2006; 2014). These dikes, as well as the Orano Por-
phyry, show petrographic and geochemical evidence of mix-
ing between a calcalkaline mafic-intermediate magma simi-
lar to that of the Capraia Island and a crustal anatectic melt
(Poli and Peccerillo, 2016).
the mt. capanne pluton 
and itS contact metamorphic aureole
The 6.9 Ma Mt. Capanne Monzogranite represents an
about 45 km2 wide (10 km in diameter) plutonic body, that
reached the shallower structural levels in the Elba tectonic
stack (Bortolotti et al., 2001a; Westerman et al., 2004; Roc-
chi et al., 2010; Principi et al., 2015a; 2015b) intruding the
Ligurian Nappes (i.e. PFU) (Figs. 1 and 2). The present
wide outcrops of the Mt. Capanne pluton are also due to the
important elisions of the Ligurian cover above the top (e.g.
CEF) and along the flanks of the pluton and to the huge un-
roofing of the pluton (Bouillin et al., 1994; Dini et al., 2002;
Farina et al., 2010). The asymmetrical shape of the pluton
(characterized by a steeper western flank) was reconstructed
through the distribution of magmatic foliations (see Table 1
in Boccaletti and Papini, 1989) and magnetic fabric (mag-
netic susceptivity in Bouillin et al., 1993; Cifelli et al.,
2012). Bouillin et al. (1993) considered the Mt. Capanne in-
trusion as linked to an E-W-trending, sinistral main tran-
scurrent fault locally characterized by “pull apart”-type ex-
tensional conditions. Instead, some Authors (Keller and Pi-
alli 1990; Daniel and Jolivet 1995; Jolivet et al., 1998) sug-
gested that the emplacement of the magmatic pluton was
syn-tectonic and triggered by the development of low-angle
faults linked to regional extensional tectonics. Other mod-
els, involving the contribution of regional tectonics vs. mag-
matic processes, were proposed by Bouillin (1983), Duranti
et al. (1992), Pertusati et al. (1993), Bortolotti et al. (2001a)
and Cifelli et al. (2012). 
The contact aureole of the Mt. Capanne pluton crops out
as a narrow aureole around the magmatic body, with the ex-
ception of the areas around Fetovaia to Cavoli and Punta
Polveraia to Punta Cotoncello (to the S and NW of the plu-
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ton, respectively; Figs. 1 and 2) where it is not exposed. In
the literature, the pressure values of  ≤ 2 kbar reached by the
PFU hornfels were established on the basis of chemical and
petrographic data of the Mt. Capanne pluton, as well as on
the geological data in agreement with the relatively shallow
depth of the intrusion (4 to 6 km in Westerman et al., 2004;
Rocchi et al., 2010; Rossetti et al., 2007). The temperature
conditions in the host rocks during pluton emplacement
were generally considered about 600°C (e.g., 575-625°C in
Rossetti et al., 2007).
reSultS
lithostratigraphic data
The Authors (P.E., F.M.E., R.G.) performed the geologi-
cal surveys of the host rocks of the Mt. Capanne pluton in
the framework of the National Geological Map of Italy at
50.000 scale - Sheets 316, 317, 328, 329 “Isola d’Elba” of
ISPRA (Geological Survey of Italy) (see geological map
and explanatory notes in Principi et al., 2015a; 2015b;
2015c). Besides, Bortolotti et al. (2015) published an en-
largement at the scale 1:25,000, with bilingual (Italian and
English) legend and explanatory notes.
Seven lithological associations can be defined in PFU
(Fig. 2b; the mineralogic abbreviations used in the text and
in Tables 1 to 6 are from Whitney and Evans, 2010; loca-
tions of the outcrops in Fig. 2): 
1- Serpentinites. These dark green to black, mostly mas-
sive rocks are well represented (Mt Perone-Bagno, Colle
Palombaia-San Piero-Sant’Ilario and Punta Polveraia to
Punta Fetovaia) and consist of serpentinites with steatite and
magnesite veins generally transformed into Amp-rich horn-
fels (Plate 1a). Locally (e.g., Pomonte, Mt. Perone) the ser-
pentinites are cut by metabasaltic dikes. The maximum ap-
parent thickness is 100 m. 
2- Metagabbros. They widely crop out between Mt. Per-
one and Bagno and in the Fetovaia Peninsula and are consti-
tuted by medium-, rarely coarse-grained, often massive
meta-Mg gabbros, that locally includes dikes and bodies of
dark green-black, Fe- and Ti-rich gabbros (Fetovaia
Promontory and Pomonte). Mylonitic, flaser-type gabbros
are common in the Fetovaia to Chiessi outcrops and their fo-
liations are cut by meta-basaltic dikes that appear unfoliated
at the mesoscale (e.g., south of Pomonte, see Plate 1b) and
suggests a pre-Mt. Capanne origin for the flasering of such
rocks. The maximum thickness is about 70 m. 
3- Metaophiolitic breccia. It is locally (e.g, Fetovaia
Promontory) present as a £ 2m-thick cover of the meta-gab-
bro and made up of gabbro and minor serpentinite clasts in a
serpentinitic-chloritic matrix. Foliated grey-greenish to red
ophicalcites are also present. 
4- Metabasalts. Except for the San Piero-Sant’Ilario area,
they are present in most of the outcrops of the metamorphic
aureole and consist of locally foliated, massive or pillow-
type (Plate 1c) metabasalts, dark green to brown-reddish in
color. The maximum apparent thickness is 200 m. 
5- Metacherts. They are common in most of the PFU out-
crops (e.g. along the panoramic road between Pomonte and
Fetovaia, Spartaia) and are represented by a well-bedded
successions of thin (max 30 cm-thick) quartzitic strata of
varicoloured (green, black/violet to whitish) meta-radiolar-
ites with millimetric interbeds of siliceous meta-shales
(Plate 1d). Their thickness locally exceeds 25 m. 
6- Metalimestones Also this lithotype is common in many
sectors of the aureole (e.g. along the panoramic road between
Sedia di Napoleone to Punta Nera, south of Pomonte, east of
Cavoli and at Spartaia) and consists of a well-bedded succes-
sion of foliated, decimetric up to 2.5m-thick whitish, green-
ish and grey, at times saccaroidal marbles with local calc-
schists intercalations. They also include microquartzitic lens-
es and bands (after cherts) that are generally folded at the
outcrop scale (Plate 1e and f). At places (e.g. north of Punta
Nera), thin Bt-rich metapelitic interbeds occur as well as an
evident thermometamorphic blastesis of brown-reddish Grt
and millimetric (max 1 cm) spherical/ellipsoidal Wo aggre-
gates, generally characterized by either radiating- or rosette-
type texture. The maximum thickness is 30 m. 
7- Metashalesand metalimestones. This association is
present in the western outcrops of the aureole and also in the
Marciana, Maciarello, Procchio and San Piero areas. It
mainly consists of Bt-rich, dark grey, grey to grey-reddish
metapelites, often characterized by a platy to scaly fabric,
with intercalations of grey-greenish, more or less siliceous
meta-limestones whose thickness is generally decametric
(Plate 1g). Wide metasomatic substitutions of the metacar-
bonate beds with calcsilicates (e.g. Grt and Wo) are locally
recognizable (e.g. Punta della Fornace in Plate 1g). In the
Marciana-Maciarello and locally in the Spartaia-Procchio
areas, at least part of this lithological association consists
only of metapelites and metasiltstones with rare metasand-
stone beds. The maximum apparent thickness of the forma-
tion (the stratigraphic top is not exposed) is about 80 m.
This “complete”-type succession represents most of the out-
crops of the metamorphic aureole (e.g. Pomonte-Fetovaia,
Punta Nera-Punta Polveraia, Procchio-Spartaia and Mar-
ciana-Maciarello areas), but at places, it tectonically lies
“reduced”- type ones that show intrusive contacts with the
underlying pluton. These latter are made up of: a) meta-
shales and metalimestones including some meta-basalt bod-
ies in the western side of Mt. Capanne, b) serpentinites with
local basaltic dikes and metagabbros in the Mt. Perone-Bag-
no areas.
The PFU successions are intruded by the pre-Mt. Capanne
dikes and laccolitic complex (8.5-7.4 Ma) that often appear
foliated as the host rocks (Plate 1h) and both are cut by the
undeformed granitoid intrusion. Typical examples are ex-
posed in the western outcrops (Punta Nera-Punta Polveraia),
at Spartaia-Procchio and at the Cavoli-Colle Palombaia beach
and by the 6.8 Orano Porphyry dyke, aplites and leucogran-
ites (e.g. Sant’Ilario Leucogranite). The Orano Porphyry dyke
and the Sant’Ilario Leucogranite finally cut through the intru-
sive contacts of PFU with the granitoid (see Fig. 1).
petrographic-mineralogic data
The petrographic analyses were performed on approxi-
mately 150 samples of hornfels collected in the different
outcrops of the PFU (locations in Fig. 2). Some X-ray dif-
fraction (XRD) mineralogic analyses were also performed
to refine the microscopic observations. The compositional
details for the rocks of each outcrop are shown in Tables 1-
6. In the following paragraphs, mineral abbreviations are
from Whitney and Evans (2010). The An% content of the
plagioclases was defined through petrographic methods (e.g.
Michel-Levy method, Carlsbad-Albite method) and micro-
probe analyses (see following paragraph) and are reported in
the Tables 1-6. The petrographic and mineralogic data for
each formation of the PFU are summarized below (mineral
abbreviation from Whitney and Evans, 2010): 
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1- Serpentinites (Table 1) show variable microscopic tex-
ture (nematoblastic, diablastic, lepidoblastic, fibroblastic
and cellular) and mostly consist of Srp and Amp; the pres-
ence of Tlc is locally documented (Plate 2a). Where the foli-
ation is more pervasive, iso-oriented porphyroclasts (usually
Amp after Cpx) are locally present and characterized by
asymmetric pressure shadows and micro-boudinage. Zonal
crenulations affects both the main foliation and the Amp
porphyroblasts. Anhedral oxides and hydroxides (mostly Fe
minerals, e.g. Mag) locally lie parallel to the main foliation.
In a few places (e.g. Punta Nera), the fine- to medium-
grained blastesis of Ol after Srp (locally replacing relic cel-
lular textures in the Ser + Amp fabric) is recognizable (Plate
2b). Later alterations assemblages made up of Cal and Chl
are also present.
2- Metagabbros (Table 2) are characterized by granoblas-
tic to porphyroblastic textures at the meso- and microscale
(Plates1b and 2c). The porphyroblasts are made of Pl (with
albite-carlsbad to polysyntetic twins) and Amp (Hbl and Tr-
Act after Cpx) in a Pl + Amp groundmass. The contacts be-
tween host gabbros and the basaltic dikes are sometimes cut
by metamorphic foliations at the microscale (Plate 2c). The
primary accessory minerals are Py and Mag, whereas Spn is
related to the metamorphism.
3- Metabasalts (Table 3) show a fine-grained nematoblas-
tic to diablastic texture with Pl and Amp (Plate 2d); rare
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Table 1 - Petrographic-mineralogical features of serpentinites. 
Mineralogic abbreviations are from Whitney and Evans, 2010 as in the followings. In addition, An% range obtained in Pl: Ab= An8-10,PlO1 (Na-rich oligo-
clase)= An11-18, PlO2(Na-poor oligoclase)= An 23-28, PlA (andesine)= An 34-48, PlLB (labradorite-bytownite)=An 65-82, An=An 90-94.
Table 2 - Petrographic-mineralogical features of metagabbros. 
Table 3 - Petrographic-mineralogical features of metabasalts.
relics of ophitic texture were locally observed. Lens shaped
porphyroclasts of Cpx and Pl (locally sericitized) in an over-
all Amp groundmass are recognizable in some samples.
Small syn-kinematic polycrystalline augens of Cpx (Di) +
Ms or lenticular bands of neoblastic Cpx and Pl locally occur
within the main schistosity that is deformed by crenulation
cleavages. Some big Cpx porphyroblasts contain deformed
inclusion trails of opaque minerals. Syn-metamorphic acces-
sory minerals are Spn, Py, Ep, Fe oxides and hydroxydes.
Later Cal, Chl and Qz alterations and veins are common.
4- Metacherts (Table 4) are characterized by a fine to
medium- grained granoblastic to granolepidoblastic texture
that includes local porphyroblasts and syn-kinematic rib-
bons of mono and polycrystalline Qz (Plate 2e). Lenticular
aggregates and millimetric levels of Ms ± Bt are sometimes
present in the quartzitic mass. Static anhedral to sub-id-
iomorphic And (sometimes including Qz), Grt (generally
Alm-rich, locally with Chl alterations) ± Crd are locally as-
sociated to these micaceous levels. Where the foliation is
more pervasive, the Qz and And porphyroclasts show rota-
tions and Qz-mica pressure shadows (i.e. mantled type σ
and δ porphyroblasts, Plate 2f). Single or aggregated big
mica (typically Bt) porphyroclasts often form typical mica
fishes inside the main foliation. Rarely, small albite poly-
synthetic twinned Pl can also occur. At places (e.g. north of
Punta Nera), Bt and Ms mica-fishes and porphyroclasts are
present inside the main foliation and in some cases include
small blasts of sub-idiomorphic Crd. Concentrations of fine-
grained, anhedral Fe oxides and hydroxides of iron are fre-
quently present as discontinuous bands in the quartzitic
mass parallel to the main schistosity. The presence of Hc
was determined in the meta-cherts at the Colle Palombaia
beach (Plate 2g) close to a small apophysis of the underly-
ing granitoid. Primary accessory minerals are Zrn and Py,
whereas Ap, Rt, Fe oxides and hydroxides, Mnz are related
to the metamorphism. 
5- Metalimestones (Table 5). Their often foliated mar-
bles and calcschists are characterized by a granoblastic to
polygonal mosaic-like Cal framework (with plane to con-
cave -convex, rarely sutured, crystalline junctions) and lo-
cally by mylonitic texture. Sometimes the polygonal cal-
citic texture is heteroblastic with centimetric/millimetric
bands of different blast sizes (from 50 mμ to about 2mm).
Fine- to coarse-sized xenoblasts of Cpx (mostly Di) and Qz
are frequently spread in the Cal mass. Deformations of the
twins in the Cal blasts are particularly evident in the
coarse-grained metacarbonate rocks; in particular type II
and, rarely, type III twinnings (according to Burkhard,
1993 and Ferril et al., 2004) were observed. Moreover, in
the more recrystallized samples we found: a) lenticular
and/or ribbon-shaped levels of medium- to fine-grained
Wo, of Wo + Cpx (± And) (Plate2h), of Grt (Grs) + Di +
anortitic Pl + Wo, Wo + Ves and of Cpx + Grt(Grs) ±
meionitic Scp (likely after Pl) ± Ves that lie parallel to the
main schistosity and are deformed by a successive folding
(Plate 2i); b) Wo, Cpx (Di to Aug) and rarely Qz locally
formed single porphyroblasts or are arranged in clusters of-
ten showing rotations respect to the main foliation (Plate
2j); c) Grt, Ves and Scp porphyroblasts host Di and Wo in-
clusions; d) Locally, Wo + Cpx, Ves ± Wo (Plate 2l), Cpx
and/or Grt metasomatically replace most parts of the car-
bonatic rocks with the formation of exoskarns (e.g. the
skarns at Procchio-Punta dell’Agnone). 
At places (e.g. north of Punta Nera, south of Punta
Polveraia beach), Wo forms either typical millimetric fans or
sphaeric to ellisoidal radiating- type clusters that are flat-
tened parallel to- and enveloped within the main foliation;
however post-kinematic Wo radiating sphaerules, sometimes
with Di at the core (Plate 2k) and at the rims (as Cpx micro-
granoblasts), are also common. A later chloritization of the
femic minerals can be locally recognized. Accessory meta-
morphic minerals are Spn, Fe oxides/hydroxides, Py, Ep, Ap. 
The original shaly-marly intercalations are transformed
either into Bt- or, rarely, into Amp-rich layers and frequent-
ly show brittle boudinage with respect to the ductile behav-
iour of the marble (see also Fig. 7 in Bouillin, 1983; Daniel
and Jolivet, 1995).
Discontinuos, millimetre to centimetre-thick veins of Ves
+ Grt ±  Wo with a Wo salband (vein margin) are well rec-
ognizable in the Spartaia - Punta dell’Agnone outcrops (site
9 in Fig. 2, see also Rossetti et al., 2007). These veins, that
lie parallel and subordinately perpendicular to the main
schistosity, are common in the metapelitic-calcschists layers
whereas are rare in the marble beds; elsewhere Cpx + Scp +
anortitic Pl veins were also recognized. These veins are cut
by later ones containing lower temperature assemblages of
hydrothermal mineral associations (e.g. Qz ± Cal, Cal +
Adl). In several areas (e.g. Marmi, Procchio - Spartaia and
Cavoli), where the contact between the carbonatic hornfels
and the pluton is exposed, it is often underlined by a mas-
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Table 4 - Petrographic-mineralogical features of metacherts. 
sive, brown to greenish horizon (see Fig. 2 in Rossetti et al.,
2007), decametric to metric in thickness, and characterized
by a granoblastic texture made up of calc-silicates (interme-
diate Pl + Qz + Bt + Kfs, Cpx + intermediate Pl + Kfs ±
Scp, or Ves + Grs + Cpx + Wo + intermediate-calcic Pl ±
Kfs or Cpx + intermediate Pl + Scp). 
6- Metashales and metalimestones (Table 6). Their main
shaly and siltitic protoliths are recrystalized into with lepi-
doblastic to granolepidoblastic, Bt-rich, more or less quart-
zose metapelites. The metacarbonate beds are transformed in-
to granoblastic marbles that locally include Wo (even milli-
metric to centimetric sphaerical radiating clusters in Plate 1g),
Cpx and Grt (generally Grs) locally present as aggregates in
brownish-reddish levels, centimetric in thickness) that appear
as syn-kinematic, but sometimes overprint the main foliation.
In some outcrops (e.g. Punta della Fornace), most of the mar-
ble beds are transformed in exoskarns. Alternating bands of
Bt + Cpx ± Wo ± Qz and Cpx + Grt + Wo ± Scp are locally
recognizable in the more recrystallized marbles (e.g. Spartaia
area). Later Chl alterations are locally common. The rare
metasandstone beds (more frequent in the area10) are trans-
formed in more or less micaceous quartzites. Primary acces-
sory minerals are Py and Zrn whereas Spn, Ep, Tur, Fe ox-
ides/hydroxides can be referred to metamorphic processes.
7- Metaporphyritic dikes are characterized by porphyro-
clastic textures with feldspatic porphyroclasts sometimes
arranged as clusters. They are Ab-Carlsbad to Ab polysyn-
thetic twinned Pl (sometimes with anhedral Qz rims) and
Kfs (with locally preserved mirmekitic textures and Qz and
Bt inclusions) (Plate2 m). Quartz porphyroclasts (sometimes
as clusters) are locally frequent and preserve their original
structures, e.g. rounded shape and local embajements (Plate
2n). The Pl and Kfs porphyroclasts and in the groundmass
are more or less altered into Cal and Ser. Tur coronas of the
feldspar porphyroclasts can be also recognized. The foliated
groundmass is granoblastic to granolepidoblastic and con-
sists of Qz, Pl, Kfs and Bt. Millimetric (up to some centime-
ter in size) porphyroclasts of Tur are common in the foliated
Portoferraio Porphyry-like bodies and form bands and
“trains” textures within the foliation, locally with domino-
like textures (Plate 2m). Accessory minerals are mostly
magmatic: Tur, Zrn, Ap, Mnz, Aln and Py (Portoferraio-like
metaporphyries) and Zrn, Ap, Mnz, rare Tur (San Martino-
like metaporphyries). 
mineral chemistry data
Selected chemical analyses of most minerals in the met-
alimestones, metacherts, serpentinites amphibolites and
metagabbros/basalts are reported in Table 7. Furthermore,
EDS spectra and/or WDS analyses allowed to identify other
minerals whose analyses are not reported here. The detected
minerals were Aln, Cal, Bt, Ms, Zrn, Sp and Rt in metalime-
stones; Chl, Qz, Tur, Bt, Ms, And Kfs, Zrn, Ap in
metacherts; Chl, Ap and Ilm in metaserpentinites; Ap in
meta-gabbros. 
Clinopyroxenes in metalimestones have variable MgO and
FeO contents, so that they are classified as both Di and Hd,
according to the official nomenclature (Morimoto, 1988). Lo-
cally Wo also occurs and contains small amounts of FeO
(0.3-0.5 wt%) MnO (0.2 -0.3 wt%) and MgO (0.1-0.2 wt%). 
Garnets, detected in both metalimestones and metacherts,
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Table 5 - Petrographic-mineralogical features of metalimestones.
have a quite different composition depending upon the na-
ture of the protolith. In fact, crystals from the former group
pertain to the ugrandite (Grs- 78-85 mol%, Adr- 10-20
mol%) series, whereas garnets in metacherts belong to the
pyralspite series (Alm- 56-75 mol%, Sps- 22-38 mol%).
Sometimes a weak zoning is detectable in crystals with rims
showing greater amounts of Adr in metalimestones or Alm
in metacherts with respect to the cores.
Vesuvianites in the metalimestones have TiO2 contents
up to 3.4 wt%. Similar values have been found in Ves oc-
curring in the calc-silicate hornfels of the Procchio area
(Rossetti et al., 2007). 
Spinels in metacherts have considerable ZnO contents
(10-16 wt%) and they can be considered as solid solutions
of mainly Hc (FeAl2O4, 54-69 mol%) and Ghn (ZnAl2O4,
24-39 mol%). On the other hand, spinels in serpentinites
have considerable Cr contents and the Chr (FeCr2O4) com-
ponent is about 25 mol%.
Feldspars in the metalimestones, Pl (oligoclase, since Ab
is in the range 73-76 mol%) coexists with almost pure An
(95 mol%). On the contrary, more albitic oligoclase (Ab =
82-89 mol%) coexists with Kfs (containing up to 16 mol%
of Ab) in the metacherts. Pl with similar composition was
found in the metabasalts.
Epidote found in the metalimestones has a formula ap-
proximated to Ca2(Fe,Al)3(SiO4)3(OH). Epidotes belongs to
the clinozoisite subgroup and they can be classified as clino-
zoisites (Armbruster et al., 2006). Their FeO contents is
about 6.7 wt%.
Amphiboles in the metabasalts and in the serpentinites
belong to the Ca group. According to the nomenclature of
amphiboles (Leake, 1978) they can be classified as actino-
litic Hbl in metabasalts and Tr and Act in serpentinites.
Neoblastic Olivines are present in the serpentinites and
have Fo contents about 90 mol%.
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Table 6 - Petrographic-mineralogical features of metashale and metalimestones. 
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Structural data
The host rocks (PFU) of the Mt. Capanne pluton suffered
both ductile (including the local development of mylonitic
shear zones) and later brittle polyphase deformations,. Giv-
en the variability of the lithologic association of the pro-
toliths, the distribution of deformative features can be dif-
ferent within each lithotype association of the metamorphic
aureole. 
Ductile structures
Ductile structures are well recognizable in the metasedi-
mentary formations and particularly in marbles and calc-
schists with the development of foliations and folds, as well
as in a part of the dike complexes older than the Mt. Ca-
panne pluton (i.e. the Portoferraio and San Martino Por-
phyry, see below). 
Folds
Two ductile deformation events (D1 and D2) and a weak
later folding (D3) event are recognizable in the PFU: 
D1 is represented by continuous-type S1 foliation
(mm/sub-mm in size with Cal + Qz + Ms/Ser and opaque
minerals) that is generally parallel to the S0 bedding sur-
faces in most of the metasedimentary lithotypes (Fig. 3). D1
folding structures associated to the S1 foliation are rarely ob-
served in the field (i.e. Fetovaia, Cavoli and Spartaia areas).
They are generally recumbent, sometimes unrooted isoclinal
folds, cm-dm in size, often with a sheath fold geometry
(Passchier and Trouw. 1996). The strong thermometamor-
phic imprint generated by Mt. Capanne monzogranite and
the pervasivity of the D2 structures obliterate most of the
blastesis/deformation textures associated to D1. 
D2 is associated to the most evident folding structures of
the metamorphic aureole and is pervasive on the D1 struc-
tures (Plate1f, g and Fig. 3). D2 structures are characterized
by centimetric to metric, non-cylindric, close to isoclinal
folds with evident asymmetries. The hinge line generally
curves up to a sheath fold geometry e.g., in the Spartaia-
Marciana (see also Daniel and Jolivet, 1995) and in the
Cavoli-Colle Palombaia (see following paragraph) outcrops
(locations in Fig. 2). Locally sharp angular hinge zones oc-
cur as in the chevron folds within the chert outcrops of
Spartaia and the neighbor Isola Paolina. The geometry of
these folds is generally of similar-type and fits in the diver-
gent, parallel and convergent isogons fields (1C, 2 and 3
classes) according to Ramsay’s (1967) classification.
The S2 axial plane foliation is pervasive at every scale
and it is characterized by discrete and subordinately zonal
crenulation cleavage that is spaced at mm-cm scale. In any
case, a main composite S1//S2 foliation is generally recog-
nizable along the F2 limbs and represents the main schistosi-
ty of the rocks (Plate 1g and Fig. 3). Cleavage refraction
phenomena (cm in size) are peculiar in some outcrops, in
correspondence of cm/dm alternations of lithotypes (Fig. 3).
It is evident that part of the contact blastesis is syn-kinemat-
ic with respect to S2.
The distribution of F2 axes orientations is generally sub-
parallel to the pluton-host rock contacts as shown by the da-
ta of the stereonets (Fig. 4) obtained for the different parts
of the metamorphic aureole and summarized in Fig. 5. The
F2 axial planes generally dip at intermediate angles towards
the outer part of the thermo-metamophic aureole (Fig. 4),
but they can vary their inclinations (up to sub-vertical) with-
in a few tens of meters. Also the intersection lineations be-
tween S0//S1 and S2 are congruent with the above-mentioned
axes distribution being substantially parallel to the contacts
with the pluton (see Principi et al., 2015b).
D3 The D2 structures have been locally bent by the subse-
quent non-metamorphic D3 folding event. The F3 folds are
open- to close-type and metric to decametric in size; their
hinge zone is always curved and the axial planes show a
low-angle inclination (see Figs. 3 and 5 in Coli and Pandeli,
2001). Their geometries are in the fields with divergent, par-
allel and convergent isogons fields (1B, 1C and 2 classes)
according to Ramsay’s (1967) classification. The distribu-
tion of their axes orientations in the different parts of the
metamorphic aureole is rather similar to those of F2 (cfr.
Figs. 4 and 5). Zonal crenulations and/or fracture cleavages,
locally filled by hydrothermal mineralizations, are associat-
ed to F3 (Fig. 3). 
Syn-metamorphic shear zones
Shear zones are often reported in the surroundings of the
contact between host rocks and plutonic bodies (e.g Costa-
magna et al., 2016). Ductile shear zones of different thick-
ness (from decimetric to decametric) are present within the
contact aureole of the Mt.Capanne pluton (see also Daniel
and Jolivet, 1995). Two examples of shear zone are recog-
Fig. 3 - Isoclinal F2 fold refolding S0//S1 and cut by C3 fracture cleavage in
the metalimestone (Casa Peria area, between Chiessi and Colle d’Orano);
note the cleavage refraction of S2 in correspondence of the cherty layers.
nizable in the metalimestones of the Spartaia and Cavoli-
Colle Palombaia outcrops (locations in Fig. 2). These shear
zones are interkinematic between the D2 and D3 event, in
fact, the metamorphic minerals lying on the S2 are locally
deformed by the shear zones and finally by S3 non-meta-
morphic folds.
a) Spartaia.This shear horizon is located along the coastal
path west of the Spartaia Bay. Here the alternating foliated
marbles and calcschists of the metalimestones are deformed
into metric-decametric, tight to isoclinal folds, referable to
F2 (see previous paragraph), that are characterized by a mil-
limetric to centimetric-spaced axial plane foliation (Fig. 6)
and by a mainly NE-SW and NW-SE axial strike and a
northern dip (Figs. 4 and 5). F2 deformed a previous meta-
morphic layering (S1) which corresponds to the lithological
alternance. Some whitish metaporphyries cut the S0//S1 sur-
face of the metacarbonate beds and are often parallel to the
limbs and axial plane of the main F2. The former are affect-
ed by D2 folding and shearing together with the host mar-
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Fig. 4 - Stereonets (Schmidt stereonet, lower hemisphere) of the F2 axial planes and axes in the PFU rocks in different zones of the metamorphic aureole.
bles and, particularly, S2 cuts the contacts between host
metacarbonates and metaporphyries (see magnifications in
Fig. 6 and photomicrograph of the foliated dike in Plate
2m). HT metamorphic minerals (see Tab.5) locally grow
along S2 also as foliation-parallel veins and/or are static-
mimetic with respect to the foliation. Ves, Grs and Wo also
fill veins between the metapelitic boudins, with sub-vertical
attitude with respect to S1//S0. Finally hydrothermal miner-
als (e.g. Ep, Qz) are associated to later (post-D2) centimetric
to decimetric - spaced fractures.
b) Cavoli - Colle Palombaia. In this area, we studied in
particular sites 1 and 2 along the panoramic road (Figs. 7a
and b) and site 3 in the westernmost cliff of the Colle
Palombaia beach (Fig. 8). These sites can be considered as
belonging to a main Cavoli - Colle Palombaia shear zone. In
all these outcrops the meta-limestones show mylonitic struc-
tures associated to ductile shear zones. The dip of the my-
lonitic foliation is generally towards SE (that is parallel to
the axial plane foliation of F2, see Fig. 7a) and the senses of
shear inferred by kinematic indicators (e.g., σ- and δ-type
porphyroclasts, asymmetric folds) highlight the presence of
a single tectonic transport direction that is outwards with re-
spect to the Mt. Capanne intrusive massif (see below).
In the Sites 1 and 2 the decimetric up to some meter thick
shear horizons are made up of Cpx- and Wo-bearing mar-
bles and are pervasively foliated and characterized by en-
claves and pods (i.e. rigid markers) of other lithologies like
meta-pelite and fine-grained metacherts that are aligned
along the mylonitic main foliation. 
In site 1 (Fig. 7a) the XZ plane of the mylonitic horizon
shows an average dip direction of 140° to 160° with a dip of
35° (140-160°/35), while the YZ plane lies in a NE-SW di-
rection. The mineralogic lineation (= Lm, on the XY strain
plane) has a plunge towards 165°. In site 2 (Fig. 7b) the
main foliation has a dip direction 175-265°/30°, whereas
Lm has a mean plunge of 240°/25°. The angular difference
between the foliation and Lm strike is not more than 20°.
In both sides, the mylonitic foliation is mainly made up
of Cal, Bt, Ms, Qz, Amp, Wo, Cpx. The kinematic indica-
tors (e.g. σ- type And porphyroclasts in Plate 2f), present
along the mylonitic foliation, point to an overall top-to-the-
SE component of shear). 
Some of them are elliptical pods that can be classified as
quarter mats/quarter folds (Passchier and Trouw, 1996),
showing a symmetrical morphology, with long axes parallel
to S2 on the XZ plane and a circular shape on the YZ plane,
defining a prolate-type ellipsoid in 3D (Fig. 7). The distribu-
tion of the ellipsoids of the pods on the XZ plane show dif-
ferent trends, and the outcrop can be divided in three parts
(see sketchs and closeups in Figs. 7a and b): two of them are
characterized by an asymmetrical arrangement (i.e. simple
shear deformation) and the central one shows instead a sym-
metrical setting (i.e. pure shear deformation). So it is evi-
dent the coexistence of coaxial (pure shear) and non-coaxial
(simple shear) deformations in the mylonitic horizon. Dif-
ferent fold structures are present in the outcrop: sheath folds
for non-coaxial strain parts and similar folds in the coaxial
strain parts (Fig. 7a) and the mylonitic S2 foliation is the ax-
ial plane foliation of these folds. 
In the Site 3 (Figs. 8a - e), the thickest (max 10 m) duc-
tile shear zone recognized so far in the thermometamorphic
aureola as a whole is exposed. In fact, this mylonitic zone is
about 10 m and at least some dam in lenght. The attitude of
the mylonitic foliation has a dip direction 95°- 185°/30°-
45°. Here too, Lm lies on the main foliation plane.
Numerous heterometric (from a few millimeters to more
than 1 m in size) rigid markers or pods of metabasalts, meta-
cherts and metapelites are present in the mylonitic marble
(Fig. 8a). A noteworthy variability of the strain distribution
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Fig. 5 - Areal distribution of the main attitude
of the F2 and F3 axes in the Mt. Capanne
metamorphic aureole and nature (i.e. intrusive
or tectonic) of the contact between pluton and
hornfels. The geological legend is the same of
Fig. 2.
is shown in Fig. 8b. In particular, coeval simple and pure
shear deformations coexist: the two pods reacted differently
to stress. In the case of pod 1(sx), pure shear prevailed (mild
back rotation), in the case of pod 2 (dx) simple shear domi-
nated (forward rotation, comparable with Fig. 4a in Xypolia,
2010). This setting evidences general shear conditions in
which several markers that differently react to the stress, in
spite of maintaining the same shortening and extension di-
rections. Moreover several kinematic indicators (e.g. man-
tled porphyroclasts, domino-type structures, boudinage), are
present in this broad outcrop and allow to define a general
top-to-the-SE sense of shear (Figs. 8b - e). The mylonitic fo-
liation is weakly deformed by later open folds at the outcrop
scale and is crossed by spaced middle-angle joints filled
with hydrothermal minerals (e.g. Cal ± Tre/Act, Fig. 8d).
Vorticity analysis
Given the high quantity of kinematic indicators in the
Cavoli-Colle Palombaia mylonitic shear zones, character-
ized by general shear, we could apply the kinematic vortici-
ty (Wk) analysis to better define the deformative condition-
sthat Wk is a dimensionless measure of the rotation relative
to strain. This parameter characterizes the amount of short-
ening proportional to displacement and it is essential for the
complete understanding of flow in ductile shear zones
(Forte and Bailey, 2007). It is obtained through the analysis
of elliptical objects (porphyroclasts) rotating in a fluid ma-
trix, for the characterization of shear zones in different geo-
dynamical context (Klepeis et al., 1999; Xypolias and
Koukouvelas, 2001; Bailey and Eyster, 2003; Law et al.,
2004; Jessup et al., 2007; Xypolias, 2010). Accordingly, Wk
shows the relative rate of pure and simple shear in the flow
deformation (Wk = 0 for pure shear and Wk = 1 for simple
shear, Simpson and De Paor, 1993). We used two graphical
methods (RGN and PHD with average error about 10%,
Forte and Bailey, 2007) for the definition of Wk or better its
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Fig. 6 - Structural features of the Spartaia shear zone. Folded metalimestone including a foliated Portoferraio-type metaporphyritic body (modified from Pan-
deli et al., 2013).
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Fig. 7 - Structural features (closeups of the outcrops and sketchs of their structural interpretation) of the mylonitic shear zones along the panoramic
road between Cavoli and Colle Palombaia: (a) site 1- similar-type and sheath-type folds; (b) site 2- Rotated pods and mantled porphyroclasts (grey or
blue arrows in b/w and in colour texts, respectivelly = sense of shear). The sketches are not in scale. The locations of the sites 1 and 2 are in the
panoramic picture respect to Cavoli.
average value (Wm) in the mylonitic horizon of the Colle
Palombaia beach, measuring the θ angle between the long
axis of the porphyroclast and the main foliation both in the
outcrops of the three sites and at the microscopic analyses
through thin sections analysis (see Fig. 8e). In particular:
1) the Rigid Grain Net method (RGN, Jessup et al., 2007)
(Fig. 9a), allows us to plot on a bivariant diagram a couple
of values measured for each porphyroclast, the θ angle and
the shape factor B*, 
where Mx and Mn are respectively the long and the short
axis of the clast. The Wm value is directly inferred from the
plot, in correspondence with a cut-off point or interval, di-
viding the field of infinitely rotating particles from that of
stable particles;
2) the Porphyroclast Hyperbolic Distribution method
(PHD, Simpson and De Paor, 1993) (Fig. 9b) uses only two
parameters that are the axial ratio (R = long axis/short axis)
and θ. R and θ are then plotted on a hyperbolic net (De
Paor, 1988) along with shear sense, using symbols to distin-
guish back- and forward-rotated grains. The cosine of angle,
related to inclined eigenvector (ν) that enclosing the field of
back-rotated grains, is then use to calcolate Wm (Wm = cos
ν, Simpson and De Paor, 1993). 
Wk values were defined in the studied outcrops for both
the rotated porphyroclasts and are shown in Figs. 9 a and b
with different colors: data from sites 1 and 2 in green, data
from site 3 in red and data from thin sections in blue (related
to the 3 sites). Both RGN and PHD methods (Figs. 9a and b)
point out similar results for Wm (0.675-0.72 and 0.707 re-
spectively), highlighting the congruence between field data
(meso-scale) and thin section analyses (micro-scale). There-
fore, the data range is consistent with the general shear
regime (Fig. 9c). 
Brittle structures 
Two main types of brittle structures are present:
1) Low- to medium angle faults. Two of them are well
recognizable at the cartographic scale (see Figs. 1 and 2 and
Principi et al., 2015 a; 2015c): 1) The FF Fault that allows
the superposition of the non-metamorphic PTU above the
hornfels of the PFU Unit (it is noteworthy the small tectonic
window close to Punta Le Tombe; 2) the doubling tectonic
surface that is present within the PFU in the western part of
the aureole that superposes a “complete”-type succession
1 
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Fig. 8 - Structural features of the mylonitic shear zones in the western part of the Colle Palombaia beach (site 3). a) outcrop of the mylonitic horizon: C-
metachert, B- metabasalt, MB- metabasalt megapod, L- mylonitic metalimestone; b) partitioning of simple and pure shear in the mylonite as evidenced by de-
formed pods (white or orange arrows in b/w and in colour texts, respectivelly = shortening direction; grey or blue arrows= sense of shear; black or green ar-
rows= extension direction); c) and d) domino-type structures at the meso- and microscale of metapelitic boudins within the mylonitic metalimestone; e) exam-
ple of rotated porphyroblasts utilized for defining the kinematic vorticity (grey or blue arrows in b/w and in colour texts, respectivelly = sense of shear). The
location of the site 3 is in the panoramic picture of the Cavoli-Colle Palombaia area.
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above the “reduced”-type, metapelitic-rich one (in intrusive
contact with the pluton) and the pluton itself. This tectonic
surface is locally underlined by cataclastic breccias e.g. in
the outcrops east of Punta Polveraia.
Other low-angle fault surfaces are recognizable in other
parts of the metamorphic aureole, locally also close to the
contact with the underlying pluton. It is the case of the
S.Piero area where it is evident a “jump” in metamorphic
zoning (the medium-low grade facies hornfels are in contact
with the pluton, see Discussion) and centimetric to decamet-
ric-sized striations and stretching lineations at the top of the
pluton that point to a top-to-the-E /- ESE sense of shear (see
also Daniel and Jolivet, 1995). 
2) High-angle faults and jointing. The contact metamor-
phic rocks of the aureole, as well as the granitoid, are also af-
fected by fracturing and faulting. The average strikes of the
main fracture systems in different part of the metamorphic
aureole are shown in Fig. 10. Their comparison with the frac-
ture distribution observed in the pluton and that of the later
Orano Porphyry dikes, reveal similar trends in the different
parts of the metamorphic aureole (Figs. 1, 2 and 10). A more
detailed survey of the fracture systems was performed in the
Colle Palombaia area and in the S. Piero quarries.
The stereonets of Fig. 11 show: 1) the strike of fractures
in the Mt. Capanne granitoid that reveal two main trends,
one about NNW-SSE (with a NE-SW directed secondary
system) and the other about NE-SW (with an about E-W di-
rected secondary system). The first one (with a radial atti-
tude respect to the pluton dome) is dominant in the Colle
Palombaia area, whereas the second one (parallel to the plu-
Fig. 9 - PHD (a) and RGN (b) kinematic vorticity diagrams for the data collected in the Cavoli-Colle Palombaia sites and plot of Wm in the scheme of simple
shear vs. kinematic vorticity (c).
ton boundary) is the main system in the S.Piero quarries.
ENE-WSW striking fractures (with a NW-SE directed sec-
ondary system) prevail in the host PFU rocks at Colle
Palombaia (Fig. 11). Finally the EBF composite high-angle
normal Fault, characterized by segments with an overall
NE-SW and N-S strike, downthrows CU with respect to
PFU towards east (Figs. 1 and 2).
diScuSSion
The data shown in the previous chapters refine the strati-
graphic, petrographic and structural model of the whole au-
reole of the Mt. Capanne intrusive body and about the Late
Miocene to Pliocene deformation and metamorphic history
of tectonic units in the Elba Island.
Stratigraphy
Despite of the locally strong metamorphic imprint, the
lithological associations of PFU can be correlated to a origi-
nal “typical” ophiolitic succession (see Fig. 2b) that appears
similar to that of the OU cropping out in eastern Elba (Prin-
cipi et al., 2015a; 2015b) and, more in general, to those of
the continental Northern Apennines (i.e Vara Unit in Tus-
cany and Liguria: Bortolotti and Principi 2003; Marroni et
al., 2004; Nirta et al., 2005). In fact, the PFU lithotypes as-
sociations can be correlated to the following formations of
the Vara Unit (from the bottom): Serpentinites, Ophiolitic
breccias, Gabbros, Basalts, Monte Alpe Cherts, Calpionelle
Limestones and Palombini Shales. In agreement with
(Spohn, 1981), the peculiar metapelitic-metasiltstones domi-
nant assemblage of the Marciana area in the upper part of
the PFU could be correlated to Lavagna Shales-type sedi-
ments that rests at the top of the Palombini Shales in the
Vara succession of eastern Liguria. The age is Aptian-Ceno-
manian for the finding of microforaminifera in the Fetovaia
Promontory by Bouillin (1984). 
In addition, in PFU we recognized at least three sub-units:
1) the “complete”-type sub-unit, that represents most of the
outcrops of the metamorphic aureole, geometrically overlies
two “reduced”-type sub-units that are in intrusive contact
with the pluton, i.e 2) consisting only of meta-Palombini
Shales including basaltic bodies in the Punta del Timone-east
Punta Polveraia area and 3) represented by Serpentinites +
Gabbros in the Mt. Perone-Bagno areas. In this framework it
is possible the correlation of sub-unit 1) with the Volterraio
sub-Unit, of sub-unit 2) with the Acquaviva sub-Unit and of
sub-unit 3) with Sassi Turchini sub-Unit in the OU of eastern
Elba (see Fig. 22 in Principi et al., 2015b for the different
sub-Units in OU). Regarding the contact of sub-units 1) and
3), it resembles the tectonic superposition of the Volterraio
sub-Unit above the Sassi Turchini sub-Unit. Instead, we in-
terpret the contact of sub-units 1) and 2) as due to the Late
Miocene detachments during uplift of the pluton, but a remo-
bilization of an older thrust surface cannot be excluded. 
However, the direct correlation of the PFU successions
with the OU sub-units of eastern Elba is hampered by the
apparent absence in the 1) “complete”-type sub-unit of the
mainly marly Nisportino Formation that characterizes most
of the OU sub-units (i.e. Bagnaia, Volterraio and Monte
Serra sub-Units) at the transition between Monte Alpe
Cherts and Calpionelle Limestones (Bortolotti et al., 1994b).
In spite of some horizons of calcschists are present within
and close to the base in the metalimestones of the Procchio-
Spartaia outcrops and calcareous siliceous levels can be lo-
cally recognized in the meta-cherts, a true thick transitional
formation seems to lack in the PFU.
As previously said, some authors (e.g. Perrin, 1975;
Reutter and Spohn, 1982; Coli and Pandeli, 2001) proposed
correlations of the ophiolitic successions of the Mt. Ca-
panne thermometamorphic aureole to the Schistes Lustrés
of Alpine Corsica. Ophiolitic sequences lithologically simi-
lar to those of the Elba Island are in fact present in NE Cor-
sica both in the Schistes Lustrés and in the non-metamor-
phic ophiolitic successions of the Balagne Unit (Durand-
Delga, 1978; Durand-Delga, 1984; Marroni et al., 2004;
Molli, 2008). The Schistes Lustrés are also present in the
Tuscan Archipelago and along the Tuscan coast (Gorgona
Island, Rossetti et al., 2001 and Orti et al., 2002; Giglio Is-
land, Rossetti et al., 1999; Argentario Promontory, Elter
and Pandeli, 2002) and show a typical high pressure/low
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Fig. 10 - Main attitude of the joints in the
contact aureole in different areas (our data)
and in the pluton (modified from Boccaletti
and Papini 1989).
temperature metamorphic imprint related to the Cretaceous-
Eocene to Oligocene subduction of the Ligurian-Piedmon-
tese oceanic lithosphere (Jolivet et al., 1998; Brunet et al.,
2000). Schistes Lustrés-type rocks were identified by previ-
ous authors in eastern Elba (i.e. Acquadolce Unit, Bortolot-
ti et al., 2001a; Pandeli et al., 2001a), where Bianco et al.
(2015) recently found HP-LT minerals, but these minerals
are not present in the studied samples of the PFU. Their
lack may be due to obliteration by the subsequent contact
metamorphism of the Mt. Capanne pluton, but they were
not found in the very low grade hornfels facies (e.g. Feto-
vaia Peninsula) either. Thus, the attribution of PFU to OU
or to the Vara Unit, instead than to the Schistes Lustrés, is
more probable.
metamorphic zonation
The contact metamorphism zonation in the different out-
crops of Mt. Capanne (Figs. 12a, b, c) was defined on the
basis of the hornfels facies (e.g. Turner, 1981; Kerrick,
1991; Bucher and Frey, 1994; Winter, 2010; Bucher and
Grapes, 2011): the Ab-Ep facies (low grade), the Hbl facies
(medium grade) and Px facies (high grade). 
Hornfels of medium to high grade are generally recog-
nizable in the aureole with PT conditions of T ³ 450°C and P
= 1,5-2 kb. 
In particular, the low- to very low- grade hornfels are
represented only in the Punta Fetovaia, in the Ogliera-
Pomonte, in the San Piero-Sant’Ilario and Marciana Marina-
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Fig. 11- Stereonets (Schmidt stereonet, lower hemisphere) and rose diagrams of the attitude of joints at Colle Palombaia (both in the contact aureole and in the
granitoid) and at San Piero (in the granitoid).
Bagno areas (see Fig. 12; locations in Fig. 2). The highest
metamorphic grade in the Px facies was found in the recrys-
tallized Monte Alpe Cherts, Calpionelle Limestones and
Palombini Shales, of several places (see Fig. 12 and Tables
4, 5, 6). In particular, a mineral association of Cal +
Grt(Grs-Adr) + Cpx + intermediate to calcic Pl ± Bt ± Qz ±
And is mostly present in the metacarbonates of the Calpi-
onelle Limestones, but also Ves + Wo + Kfs ± Sc p ± Ms
often occurs (e.g. in the Cavoli-Colle Palombaia, Marmi,
Procchio-Spartaia and Marciana-Marciana Marina). 
In some outcrops (e.g. Cavoli-Colle Palombaia, Spartaia-
Punta Agnone), the marbles can be locally completely trans-
formed into a Wo + Cpx(Di) skarn. Similar mineral associa-
tions (with rare Scp) are present in the metalimestones of
the Palombini Shales cropping out in the western part of the
aureole between Chiessi and Punta Polveraia, but also in the
Spartaia, Marciana and Fetovaia areas. The transformation
of the metacarbonate rocks into skarn bodies (e.g. the skarns
at Spartaia-Punta dell’Agnone) was due to metasomatic re-
placement of Cal with calc-silicates (e.g. Grt, Cpx and Wo)
through decarbonation reactions driven by upflowing mag-
matic fluids (cfr. Rossetti et al., 2007). The metapelitic in-
tercalations are instead characterized by Bt + Cpx + Cal +
anortitic Pl + Crd + Kfs ± Scp. 
Considering also the muscovite breakdown and the de-
carbonation reactions, these mineral associations points to
peak T of about 600-620°C for P @ 1.5-2 kb (Johnson et al.,
2000; Bucher and Grapes, 2011; Buriánek and Dollniček,
2011; Casillas et al., 2011) up to 650-670°C (Winkler,
1979; El Khalile et al., 2014). Taking also into account the
X(CO2)  ˂0.05 proposed by Rossetti et al. (2007) and the Qz-
free HT mineralogic assemblages, a T peak > 610°C can be
inferred for these PFU rocks. It is noteworthy that the pres-
ence of Scp (also in veins parallel and perpendicular with
respect to the main HT foliation) is only in connection with
Ms-and Qz-free, higher grade hornfels and skarn mineral as-
sociations (e.g. Ves + Grt + Cpx + Wo + anortitic Pl ± Kfs,
in the brown-green contact horizons of the hornfels with the
pluton). The presence of Hc + Mnz in the And ± Cpx +
Grt(Alm) + P ± Crd(± Ms ± Qz) mineral association defines
the higher metamorphic grade in the Monte Alpe Cherts of
the Colle Palombaia area and suggests for them temperature
perhaps close to 700°C (Bucher and Frey, 1994; Bucher and
Grapes, 2011). Hercynite was also found within the mafic
micro-granular enclaves in the Sant’Andrea facies of the
Pluton (Gagnevin et al., 2004). Therefore T exceeding
650°C can be hypothesized for the highest thermal peak
conditions that occurred in the aureole. Anyway, given that
there is no evidence of melting in the hornfels rocks, tem-
perature cannot have exceeded the melting reaction. 
The meta-ultramafic and metabasitic rocks are generally
in the Hbl hornfels facies also where they are in contact
with the pluton or are associated to metasedimentary succes-
sions characterized by Px hornfels facies. Only the disap-
pearence of serpentine in the Ol (neoblastic) + Tr + Hbl +
Tlc association of the meta-serpentinites and the presence of
calcic Pl blasts in the metagabbros and metabasalts suggest
the passage to a higher grade at the Chiessi-Punta Polveraia,
Cavoli-Colle Palombaia and Mt. Perone sites (Figs. 12a, b). 
The distribution of metamorphic grade in the different
protoliths (ultramafic + basic magmatic vs. sedimentary) in
the same outcropping area, first suggests that the thermal
flow produced different metamorphic imprints in the differ-
ent lithotype assemblages, even where at the same distance
from the contact with the pluton. In this framework the
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Fig. 12 - Zonation of the hornfels facies in the Mt. Capanne aureole: a) ser-
pentinite rocks; b) meta-mafic rocks; c) metasedimentary rocks. The legend
of the geological units and the geographic references are those of Fig. 2.
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metasedimentary lithotypes appear generally more sensitive
respect to the magmatic metabasic and serpentinite ones.
So, it is evident that the distribution of metamorphic facies
and metasomatic effects in the Mt. Capanne aureole can be
related not only to the distance respect to the pluton bound-
ary. In fact, also to the physical features of the rocks are
very important for the metamorphic zoning, e.g. the pres-
ence of primary and secondary anisotropies (e.g. bedding,
foliations, fractures), which facilitated the circulation of hot
fluids and, possibly, to the different thermal conductivity of
the host lithotypes (e.g. limestones/cherts vs. basalts/gab-
bros or serpentinites). 
Another important factor of variability was due to frac-
turing of the aureole rocks that occurred both during the pre-
magmatic (i.e. orogenic) events and during the intrusion it-
self. In fact, in agreement with Rossetti et al. (2007), the lo-
cal presence of HT minerals (e.g. Cpx, Ves, Wo, Scp)-bear-
ing veins in the high grade metamorphic rocks suggests that
the HT metasomatic fluids utilized joints (e.g. due to hy-
drofracturing, more developed in the bedded calc-silicate
rocks with respect to the marbles) and previous structures
(e.g. bedding, foliations) for their ascent during the contact
event. These events produced a heterogeneous framework of
fracturing and permeability in the host rocks during the em-
placement and cooling of the pluton. Local preferential
ways for the ascent of HT fluids are testified also by some
“islands” of high grade hornfels within the overall low-
medium grade assemblages, e.g. in the Pomonte-Ogliera
area and south of Colle d’Orano (see Fig. 12c) that are
linked to fracture systems that later were used also for the
intrusion of aplitic to leucogranitic dikes. 
The study of the distribution of the contact mineral asso-
ciations in the whole aureole and the structural data show al-
so that the primary contact of the pluton with the high grade
contact facies is preserved in a few places (e.g. Cavoli-Colle
Palombaia, Spartaia-Procchio-Marmi and Chiessi-east Punta
Polveraia) (see Figs. 5 and 12). In the other part of the meta-
morphic aureole (e.g. San Piero-Sant’Ilario, south of
Pomonte) the contact is clearly more or less reworked by de-
tachment tectonics that allows the direct contact of low- to
medium grade facies with the granitoid and locally shearing
striations also occur at the top of the pluton (e.g San Piero
area). In other places (e.g. north of Sant’Ilario, Maciarello-
Marciana), the nature of the contact cannot be easily defined.
Anyway, the thickness of the metamorphic aureole can be
estimated in at least 150-200 m (see also the geological cross
sections in Principi et al., 2015b and c; 300-400 m according
to Bouillin 1983), as shown by the distance between the Grt-
rich metalimestones of the Palombini Shales, at the contact
with the pluton at the Fetovaia village, and the sameweakly
recrystallized formation in the Fetovaia Peninsula. 
Most of the HT-LP minerals are syn-kinematic with re-
spect to the axial plane foliation of the D2 folds (e.g. in the
Spartaia outcrops) and of the mylonitic horizons (e.g. in the
Cavoli-Colle Palombaia area). However, the petrographic
data suggest that the growth of the contact minerals oc-
curred during a progressive history of deformation and
metasomatic metamorphism, including (pre-)/syn- and post-
kynematic events with respect to the development of S2. In
fact, some Wo and Cpx, Grt and And porphyroclasts appear
rotated within the main S2 foliation, generally as σ or δ-type
mantled porphyroblasts. Moreover, Grt and vesuvianite por-
phyroblasts/-clasts can locally include Cpx and Wo blasts.
Syn-intrusion hydrofracturing processes allowed crystalliza-
tion of HT-LP minerals also in veins parallel to or crosscut-
ting S2 (see also Rossetti et al., 2007). Hydrofracturing
processes were also described by Dini et al. (2008a) in the
host rocks of the Porto Azzurro pluton in eastern Elba. In
any case the presence of either static or mimetic growth of
contact minerals is also observed for example as anhedral to
sub-idiomorphic Grt or the Wo radiating spherules (some-
times with Di core and a fine-grained Cpx blastesis as rim).
In other cases the spherules show an ellissoidic shape with
their long axes parallel to S2 and, at times, they are en-
veloped in this main foliation. This occurrence can be relat-
ed to ductile vertical shortening processes (i.e. flattening)
that suffered the PFU rocks during the “forced” intrusion of
the pluton especially in its western parts, in agreement with
Daniel and Jolivet (1995) (Fig. 13).
Finally, the twinning observed in the Cal blasts of the mar-
ble lithotypes are mainly of type II and, locally, of type III ac-
cording to the scheme of Burkhard (1993), which indicates
temperatures of 150 to 300° C. It is evident that these values
are related to the shutdown temperature of the metamorphic
system during the final stages of cooling of the pluton that
shortly predate the development of high-angle fracturing.
These data are in agreement with the temperatures of the hy-
drothermal mineralizations that fill the fractures: Qz + Ep(>
250°C), Qz + Adl ± Cal (230-250°C) and Qz + Chl + Cal
(170-230°C) (cfr. Bertini et al., 1985; Ruggieri et al., 2006).
Structural synthesis
The collected meso- and micro-structural data, that are
extended to the whole contact metamorphic aureole, refine
the structural interpretation suggested by previous authors
(Bouillin, 1983; Daniel and Jolivet, 1995; Reutter and
Spohn, 1982; Bortolotti et al., 2001a; Coli and Pandeli, 2001;
Pandeli et al., 2013). In particular, it appears evident that the
rocks of PFU experienced a complex structural evolution
that includes deformative events of different extent and na-
ture and mostly related to the intrusion and exhumation of
the Mt. Capanne pluton. Ductile deformations are well
recorded in the metasedimentary formations, characterized
by thin to medium-thick bedding and including carbonatic
lithotypes, which developed polyphasic folding, i.e. the syn-
metamorphic D1 and D2 events and a final D3 event at the
brittle-ductile transition. High-angle brittle fracturing and
faulting followed, affecting also the pluton itself. The ser-
pentinized ultramafic rocks as well as the massive basalts
and gabbros are rarely interested by penetrative foliations
and structures at the mesoscale. In most of the outcrops they
appear only statically recrystallized by the contact metamor-
phism sometimes preserving textures originated during
oceanic spreading (e.g. “flaser”-type texture of the gabbros,
locally cut by unfoliated basaltic dikes in Plate 1b) that char-
acterize most of the Ligurian successions of the Northern
Apennines (see Cortesogno et al., 1975; 1987). In particular: 
D1 event is recognizable mainly in the fine-grained con-
tinuous S1 foliation that is parallel to the bedding and forms
the axial plane schistosity of rare unrooted isoclinal or
sheath-type folds. No contact minerals are associated to S1.
Therefore, we think that D1 event either occurred during a
pre-Late Miocene shortening phase of the Northern Apen-
nines tectogenesis or probably testify early ductile deforma-
tions connected to the beginning of heating and compression
due to the “forced” Mt. Capanne intrusion, in any case be-
fore the main thermometamorphic recrystallization and the
arrival of the HT metasomatizing fluids. 
D2 is the main folding event recognizable in the outcrops
and at cartographic scale and is characterized by tight to iso-
clinal, non-cylindrical folds up to sheath fold in the more
ductile and high metamorphic grade parts of the aureole
(e.g. Cavoli-Colle Palombaia, Spartaia). Their axial plane
foliation S2 is a millimeter-centimeter scale, often discrete
type crenulation cleavage, that is parallel to S1 in the long
limb of the folds producing the main very pervasive com-
posite schistosity shown in outcrops. The contact metamor-
phic event appears coeval with D2 folding because the
growth of typical thermometamorphic mineral associations
is along S2 (e.g. Bt, Wo, Di) and given that the syn-D2 de-
formation and metamorphism of PFU also affected the
about 8 Ma Portoferraio Porphyry that intruded the ophi-
olitic succession (see the described shear band in the Sparta-
ia area). Moreover, the orientation of axes, intersection lin-
eations and planar elements of F2 are substantially parallel
to the contact of the aureole rocks with the Mt. Capanne
Monzogranite. In addition, the axial planes generally dip to-
wards the external part of the aureole. These data allow cor-
relation of D2 with the intrusion and ballooning phenomena
of the pluton (Fig. 13). The variations over short distances
of the dip (up to sub-vertical) of the F2 axial planes can be
related to following D3 folding. 
The eastward vergence of F2 in the western part of the
aureole (i.e. Pomonte-Ogliera and Punta Nera-Punta
Polveraia (see also Reutter and Spohn 1982) seems in con-
trast with a simple radial folding around the rising pluton. 
These folds allowed Reutter and Spohn (1982) to hypoth-
esize that these structures were related to a “regional” meta-
morphic, Apennine-vergent orogenic event that pre-dated
the Mt. Capanne intrusion. The syn-intrusive nature of the
F2 folds is testified by the sub-circular trend of the F2 axes
parallel to the pluton boundaries and their link with the con-
tact blasteses showed in the previous paragraphs. This is a
clear evidence that D2 event is related to the pluton em-
placement (Fig. 13, see also Daniel and Jolivet, 1995; Ros-
setti et al., 2007) and not to regional tectonic folding events
that are characterized by NW-SE to N-S trending axes in the
Elba Island and in the Northern Apennine chain (cfr. Elter
and Sandrelli, 1995; Corsi et al., 2001; Principi et al.,
2015a; 2015b). This hypothesis is also strengthened by the
data on magnetic susceptibility anisotropies (AMS) collect-
ed in both the pluton and in the aureole rocks. In particular,
Cifelli et al. (2012) showed a general correlation between
the magnetic lineations in the hornfels with those obtained
for the pluton by Bouillin et al. (1993) and its magmatic fo-
liations, consisting in the orientation of Bt and Kfs
megacrysts (Boccaletti and Papini, 1989; Farina et al.,
2010). The correlation of the magnetic-magmatic lineation
of the pluton with the syn-metamorphic stretching lineations
and F2 foliations of the host rocks suggests a common defor-
mation history of the latter and the hot intrusive body. This
is also in agreement with a ductile deformation of the aure-
ole rocks along the entire perimeter of the ascending pluton
rather than to regional deformation processes (see also
Cifelli et al., 2012). 
Despite the local variations of the attitude of the my-
lonitic foliations and of the mineralogic lineations in the
same areas (likely due to the irregular shape of the top of the
intrusive pluton), the kinematic indicators in the different
decimetric to decametric shear horizons recognized in dif-
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Fig. 13 - Sketch of the forced intrusion of the Mt. Capanne pluton and ductile deformations and shearing in the surrounding PFU successions (modified from
Daniel and Jolivet, 1995).
ferent part of the plutons reveal a general centrifugal tecton-
ic transport with respect to the pluton and towards the exter-
nal parts of the aureole as suggested also by the data on F2
folds. This is substancially in agreement with the distribu-
tion of the mineralogic lineations shown by Bouillin (1983)
and by Daniel and Jolivet (1995). The peculiar presence of
stretching lineations characterized by a top-to the-east sense
of shear also in the westernmost part of the aureole (Punta
Nera-Punta Polveraia area, see also Daniel and Jolivet,
1995) is associated to a Miocene detached PFU sub-unit that
had an original more eastern location with respect to the
present. The finding of the decametric Colle Palombaia
beach shear zones is particularly important also because the
HT minerals lie along its main (S2) mylonitic foliation and
testify for the first time the presence of mylonites in the in-
ner part of the aureole during the D2 event that typically af-
fected the very ductile Calpionelle-like marbles. Moreover,
the presence of different shear regimes has been detected in
the mylonitic horizons of the Cavoli-Colle Palombaia area
owing to the both pure and simple shear structures in the
same outcrop. Classically, the two shear deformation types
are considered as exclusive, by using the concept of strain
partitioning (linked to the different behaviour of heteroge-
neous lithologies), if found simultaneously in the same con-
text. On the contrary, if we use the general shear model
(Simpson and De Paor, 1993; Jessup et al., 2007) or the sub-
simple shear one (Simpson and De Paor, 1993), the incom-
patibility of the two schemes can be overcome. In fact, this
flow regime explains the simultaneous presence of transla-
tions and rotations. The kinematic indicators in the studied
shear zones identify a deformation regime of general shear
or sub-simple shear. This deformation regime is typical of
transpression (Tikoff and Fossen, 1999; Dewey et al., 1998).
In this context is common to observe simultaneously sym-
metric and asymmetric boudins (Mandal and Karmakar,
1989), as we documented in the studied area. This deforma-
tion regime it is compatible also with stress/strain conditions
related to the forced intrusion of a plutonic body (see be-
low). The movement direction, reconstructed by analyzing
the simple shear kinematic indicators (e.g. asymmetric
boudins, mantled porphyroclast, S-C structures), and the
asymmetries of the folds (e.g. sheath folds, similar recum-
bent folds), appears to be preferentially top-to-the-SE, that
is consistent with the discharge processes from the flanks of
the rising plutonic body.
Structures related to conditions of pure shear are repre-
sented by boudinage with neck-type folds and pods of vari-
ous nature (meta cherts, metapelites and metabasalts) that
are characterized by elliptical shape with the main axis par-
allel to the mylonitic foliation. Given the high variability of
the deformations, the kinematic vorticity analysis (PHD and
RGN methods) has been applied, in order to quantify the
contribution of both simple and pure shear in the mylonitic
zone. The two methods gave a 0.70 average value of Wm
(with pure and simple shear equally distributed) at both the
meso- and microscale. Considering a standard error in the
order of 10% (Forte and Bailey, 2007; Zhang et al., 2009),
the obtained Wm is entirely in the field of general shear
(Fig. 9c; cfr. Forte and Bailey, 2007), confirming the other
micro- and meso-structural data. This shear regime is linked
to the interaction between intrusion of the plutonic body and
host rocks that produced ductile, locally mylonitic deforma-
tions in the latter (Fig. 13; see also Lister and Baldwin,
1993; Daniel and Jolivet, 1995; Cifelli et al., 2012). Accord-
ingly, the D2 structures observed in the contact aureole can
be related to a combination of the upward stress, due to the
emplacement of the pluton in a pure shear regime, and the
lateral ductile flow of PFU in a mainly simple shear regime.
These processes allowed also to generate enough space for
the intrusion and ballooning of the magmatic body (see also
Cifelli et al., 2012).
The magmatic flow structures in the pluton (see Tale 1 in
Boccaletti and Papini, 1989), that are coaxial with the Ams
lineations of both the magmatic stock and in the PFU rocks
(Bouillin et al., 1993, Cifelli et al., 2012) and with the syn-
metamorphic stretching lineation and foliations in the latter
(Cifelli et al., 2012), together with the petrographic-structur-
al data obtained in the metamorphic aureole (e.g. Wm val-
ues), support that most deformations in the metamorphic au-
reole were not only caused by gravity tectonics, as claimed
by the old Authors (e.g. Trevisan 1951), but are strongly re-
lated to the hot emplacement of the pluton (see also Daniel
and Jolivet, 1995; Cifelli et al., 2012). The development of
mylonitic horizons in the carbonate lithologies can be also
have been facilitated by a local increases in permeability
due to hydrofracturing (see Rossetti et al., 2007), with con-
sequent increase in the circulation of metasomatic fluids.
The ductile shear zones can further evolve into brittle-duc-
tile extensional shear zones and allow formation of listric
normal fault systems within the sedimentary covers (see fol-
lowing D3 event) as also suggested in the rheological model
of Caggianelli et al. (2013). 
D3 event is characterized by non-metamorphic, open to
closed folds that deform the F2 structures (including the my-
lonitic shear zones) at a metric to decametric scale. Their
hinges are always curved and their axial planes have either a
low angle or sub-horizontal attitude. The F3 axial plane foli-
ations are represented by zonal crenulations or fracture
cleavage (locally filled with hydrothermal mineralizations).
The areal distribution of the F3 axes is not so different with
respect to those of F2 (Fig. 5), suggesting that the discharge
phenomena within the aureole continue from ductile to se-
mi-ductile/semi-brittle conditions, through cascade-type
folds (Bouillin, 1983, Coli and Pandeli, 2001), whose axes
have an overall tangential distribution with respect to the
uprising pluton. During the D3 event, high angle jointing al-
so occurred in both the pluton and in its contact aureole.
These jointing can be related to the last cooling phases and
semi-brittle unroofing of the pluton.The comparison with
the structural map of the Mt. Capanne pluton in Boccaletti
and Papini (1989) shows that the main systems of fractures,
that we surveyed in different part of the metamorphic aure-
ole, are mostly parallel to the lineations (longitudinal and
cross joints) of the monzogranite (Fig. 17). These latter
were utilized for the intrusion of the later Orano Porphyry
and of the Sant’Ilario Leucogranite, as outlined by previous
Authors (Dini et al., 2008b; Principi et al., 2015a). The
same results were obtained in the two typical study areas of
Colle Palombaia and San Piero (Fig. 18). It is interesting to
note the different main orientations of the joints observed in
the pluton and in the metamorphic cover in the Colle Palom-
baia area. In particular, radial-type fractures prevail in the
plutonic rocks while tangential-type fractures prevail in the
recrystallized cover rocks. Given that the primary intrusive
contact is preserved in the Colle Palombaia-Cavoli area,
these anomalies could be explained by a different brittle be-
haviour of the massive monzogranitic rocks respect to the
bedded rocks of the metasedimentary cover rather than their
growth in different times or during the detachments that lo-
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cally occurred within the aureole. Also the brittle detach-
ments in the aureole (e.g. CEF, Fetovaia Fault, doublings or
remobilization of the ophiolitic sub-units, striated surfaces
at the top of the pluton and in the surrounding leucogranites)
began and took place during this stage.
D4 event is represented by high angle faulting. In partic-
ular, the Colle Palombaia-Procchio high-angle fault (EBF in
Figs. 1 and 2) is the main extensional structure in western
Elba that downthrows towards the East CU and likely the
underlying CEF detachment fault with respect to the PFU
hornfels. This structure, that likely contribute to the uplift of
the plutonic body and to the erosion of its cover rocks, can
be considered as coeval with the N-S and NE-SW normal
faults that are more widely developed in Eastern Elba. 
deformation and metamorphic evolution model 
of western elba
Taking into account the geological, petrographical-chem-
ical and structural data collected in the metamorphic aureole
of the Mt. Capanne pluton, the following sequence of events
can be outlined: 
1. Deformation and stacking of the Ligurian, Ligurian-
Piedmontese and Tuscan tectonic units during the Oligocene
to Serravallian syn-collisional shortenings events and read-
justment of the nappe pile through low-angle faulting due to
the beginning of extensional processes in the inner part of
the chain (Fazzuoli et al., 1994; Principi et al., 2015b). 
2. The following regional, mainly NW-SE and NS, high-
angle normal faulting and associated SW-NE striking trans-
fer shear zones (Bertini et al., 1991; Bartole et al., 1991;
Bartole, 1995; Carmignani et al., 1995) produced at times
the pathways for the ascent of magmas in the Tuscan Archi-
pelago (“Elba transfer zone” in Dini et al., 2008b) and on-
land untill Quaternary times (i.e. the Mt. Amiata volcano in
Gianelli et al., 1988). In particular, we think that the pro-
longed activity of the Elba transfer zone (in probable con-
nection with the so-called Piombino-Faenza Line onland)
allowed the emplacement of several magmatic bodies in dif-
ferent part of the island. In particular:
a) in Late Tortonian aplitic and porphyritic dikes and lac-
coliths (Capo Bianco Aplites, Portoferraio and San Martino
porphyries) were emplaced in the PFU, EU and CU of west-
ern Elba;
b) Forced intrusion and ballooning of the Mt. Capanne
pluton occurred (about 6.9 Ma) in the PFU rocks that suf-
fered syn- and post-kinematic contact metamorphism of var-
ious grade (D2 event) (Fig. 13). During this event, folding
due to ductile vertical flattening and lateral shearing (e.g.
occurrence of mylonitic shear zones) affected the PFU; 
c) A mainly radial and tangential jointing event affected
the pluton and host metamorphic rocks and was locally
sealed by the Orano Porphyry dykes (6.85 Ma) (Dini et al.,
2008b), Sant’Ilario Leucogranites and pegmatite, and by the
later hydrothermal mineralizations. The uplift of the cooled
pluton continued within a semi-ductile/semi-brittle behav-
iour allowing the cascade-type refolding of PFU (tangential-
ly with respect to the magmatic dome) and enucleation of
low- to middle-angle detachment faults in the PFU and in
the overlying non-metamorphic Ligurian Units (PTU and
EU + CU), producing the west-vergent FF and east-vergent
CEF Faults respectivelly (Fig. 14a);
d) Intrusion and unroofing of the 5.9-6.2 Ma Porto Az-
zurro Monzogranite and dike swarms and formation of
Mag-skarn bodies occurred in eastern Elba. Later, the 5.8
Ma mafic Mt. Castello dyke was emplaced and the ZUC and
REC detachment faults developed (see Principi et al.,
2015a; 2015b) (Fig. 14b). 
3. Close to the Miocene-Pliocene boundary, mainly
NNE-SSW and NS high-angle normal faults finally cut the
whole Elba Island, causing the opening of the Piombino
Channel (Fig. 14c); these faults are sealed by 5.4 Ma
hematite-rich mineralization in the Porto Azzurro-Cavo area
(Lippolt et al., 1995). In western Elba, the Colle Palombaia-
Procchio Fault developed on the eastern side of the Mt. Ca-
panne dome, downthrowning towards the East the CU, the
underlying EU and PTU and the basal CEF, with respect to
the hornfels of the PFU. This process probably helped the
plutonic mass to reach its present considerable elevation
(1019 m a.s.l). 
concluSive remarKS
This study of the contact aureole of the Mt. Capanne plu-
ton allowed to obtain the following main results:
1- The lack of HP-LT minerals within the analyzed rocks
(also in the lower contact metamorphic grade) makes it dif-
ficult to correlate the PFU rocks with the Schistes Lustrés of
Alpine Corsica. In spite of the apparent lack of the Nisporti-
no Fm.-like protoliths in the above said hornfels, their corre-
lation with either some of the OU sub-units of Eastern Elba
(e.g. Volterraio, Sassi Turchini, Monte Serra and Acquaviva
sub-Units) or, more in general, with the Vara Unit seems
more suitable.
2- The petrographic and microstructural analyses allowed
to define for the first time the metamorphic zoneohraphy of
the whole aureole. The hornfels are mostly in the medium to
high grade facies (Hbl and Py hornfels facies), with T peak
> 610°C (perhaps locally > 650°C). Local variations of the
zoning are due to the different lithological, physical and
structural (e.g. bedding, fracturing) properties of the original
rocks, but also to hydrofracturing during syn-metamorphic
flow of the metasomatic hot fluids. The growth of the ther-
mometamorphic minerals occurred in several stages, being
syn-kinematic with respect to the D2 folding event up to sta-
tic post-kinematic. 
3- The thickness of the thermometamorphic aureole is es-
timated in at least 150-200 m.
4- Most of the deformation events in PFU can be related
to the dynamic of the Mt. Capanne pluton intrusion and to
its unroofing.
5- The D2 ductile folding and shearing event is related to
the intrusion and ballooning of the Mt. Capanne pluton, that
caused syn-cinematic deformations parallel to the pluton
boundaries in the PFU host Ligurian succession under recrys-
tallization. Our studies define the presence of syn-D2 my-
lonites and ultramylonites, never documented up to now in
the contact aureole of the Mt. Capanne pluton. The analysis
of kinematic indicators and kinematic vorticity in the my-
lonitic shear zone of the Cavoli-Colle Palombaia area reveals
the occurrence of a general shear regime during D2 with a
similar distribution of pure and simple shear components (av-
erage value of Wm = 0.7). This deformation regime can be re-
lated to a combination of the vertical uplift of the pluton (pure
shear) with the lateral discharge of the covers (simple shear). 
6- This multidisciplinary study refines the geological
evolution of western Elba Island and show an example of
the deformation-metamorphic evolution of a contact meta-
morphic aureole during a “forced”-type intrusion of a plu-
tonic body.
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Fig. 14 - Sketch of the geological evolution of the Elba Island from about 7 to 5 Ma (late Tortonian-Present): A- unroofing of the Mt. Capanne pluton and the
development of low-angle normal faults, causing westwards (FET- Fetovaia Fault) and eastwards (CEF- Central Elba Fault) delaminations in the tectonic
stack. B- Final exhumation of the Porto Azzurro pluton and development of divergent delaminations, westwards (REC- Colle Reciso Fault) and eastward
(Zuccale Fault). C- Development of high-angle normal faults (e.g. EBF-Eastern Border Fault) and their filling with Hem-rich mineralizations (modified from
Maineri et al., 2003 and Principi et al., 2015b).
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appendix
X-ray diffraction (XRD) mineralogic analyses were
made using a PW 3710 PHILIPS diffractometer (with a an-
ticathode copper tube and graphite filter. The interval 2θ
was explored between 5° and 70°, with a speed of goniome-
ter of 2°/minute. The feeding of the tube is 20 mA with a
potential of acceleration of 40 kV) at the Earth Sciences De-
partment of the Florence University. 
Mineral chemistry data (EMPA) were acquired using a
JEOL JXA-8600 electron microprobe (15 kV accelerating
voltage, 10 nA beam current) at C.N.R.-I.G.G., Florence,
using peak and background counting times of 15 s (10 s for
Na) and 5 s, respectively. The data, acquired through XMas
software, were corrected using the PAP matrix correction.
bdl = below detection limit, blank cells: not analysed. 
Recalculations of the EMPA data were performed
through the semi-automatic program of the microprobe and
spreadsheets for the different mineralogical families (Mori-
moto et al., 1988 for pyroxene; Rickwood, 1968 for Grts;
Rieder et al., 1998 for micas).
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Plate 1 - Outcrops of the formations in the Punta Polveraia-Fetovaia Unit: a) Serpentinites at Colle Palombaia;
b) Outcrop of flaser-type metagabbro (F = foliation) cut by an underformed basaltic dike (B) in the Ogliera
area (coast south of Pomonte) and polished section of flaser-gabbro; c) Pillow metabasalts at Punta della Cro-
cetta (east of Marciana Marina) (scale = squared hammer); d) Outcrop and closeup of recrystallized blackish
metacherts (C) cut by swarms of post-Capanne aplitic dikes (panoramic road south of Pomonte) and basal con-
tact with metabasalts (B) (scale = encircled hammer); e) Folded marbles of the metalimestones at Spartaia (see
also Fig. 6) (same scale of Fig.2); f) Folded marbles and calcschists of the metalimestones at Ogliera; g)
Metashales with metalimestone intercalations and exoskarns at Punta della Fornace (NW of Colle d’Orano); h)
Foliated Portoferraio-type metaporphyritic dike within the metashales and metalimestones at Punta del Timone
(panoramic road north of Chiessi).
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Plate 2 - Photomicrographs of the contact mineralogic assemblages and structures in the rocks of PFU: a) Rotate syn-tectonic Tlc porphyroclast
within the main Amp foliation in the serpentinites at Colle Palombaia; b) Neoblastic Ol after cellular Srp in the serpentinites at Punta Nera; c)
Foliated contact between metagabbros (G) and metabasalts (B) at Colle Palombaia with a Qz vein; d) Foliated metabasalts at Colle Palombaia;
e) Metacherts with And porphyroblasts at Colle Palombaia; f) Mantled And porphyroclasts in the metacherts at Colle Palombaia; g) SEM image
of Hc-bearing metacherts at Colle Palombaia; h) Wo and Di lying along the main foliation in the metalimestones at Cavoli-Colle Palombaia; i)
Deformed Wo- and Ves-bearing main foliation in the metalimestones at Cavoli-Colle Palombaia; j) Mantled Di porphyroclasts within the main
foliation in the exoskarn levels of the metashales and metalimestones at Punta della Fornace (NW of Colle d’Orano); k) Static Wo radiating
sphaerule with Di core in the metalimestones at Semaforo locality; l) Wo+Ves in a decarbonated exoskarn of the metalimestones at Cavoli-
Colle Palombaia; m) Tur-rich, foliated Portoferraio.
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